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I. INTRODUCTION
The purpose of this program was to develop a matched pair of wideband delay lines operating in L-band with exceptionally flat phase and insertion loss characteristics. Since the properties of the acoustic delay medium vary rather slowly, one of the major problems that had to be solved was the design and fabrication of matched electro-acoustic transducers having low loss wideband response. To attain the exceptionally flat phase response desired, the development of sophisticated techniques for suppressing all spurious signals was also required.
The over-all delay device goals for this project which incorporate the above characteristics are outlined below: A matrix of top electrode dots was provided on each transducer and the optimum pair of dots for each delay line was selected for best insertion loss and TTS characteristics. Figure 1 shows the film deposition sequence for this delay line. Contact to this selected pair of dots was achieved by thermocompression bonding of 2-mil wires.
The exact transducers used for the final devices in this project were not power tested. However, transducers of similar size and thickness have been tested and will typically handle at least 10 watts peak or 100 mW CW. The major breakdown mechanism is believed to be a result of either film impurities (for example, gold film surface irregularities or zinc oxide pin holes) or a normal dielectric breakdown process. Both factors are highly dependent on film thickness and processing cleanliness. The result of a breakdown is observed by a shorted (low resistance) transducer. With large CW power, heat dissipation also becomes a contributory factor. 
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The high-Q behavior of the input impedance of thin-film transducers presents a difficult design problem where both low insertion loss and broadband oper-1 2 ation are desired. From theoretical considerations ' and from studies 3 carried out during this program , it is clear that microwave networks can be designed which allow broadband operation of even relatively high Q 4 transducers. Such networks fall into the class of the reflection loss filter .
We have discovered that a quarter-wavelength transformer with the proper choice of transformer impedance Zj can yield extremely wideband response. Calculations demonstrating the range of responses available are shown in Since these networks provide uniform coupling by reflecting some power at all frequencies, the input VSWR is always greater than one. Further, the higher the load Q, the larger the average network VSWR must be for a given design bandwidth. Thus, in order to achieve both broad bandwidth and low VSWR, input attenuators or isolators are needed. With a design specification of 30 dB insertion loss and VSWR of 1.3, it became apparent early in this program that a transducer and network design satisfying all of these requirements simultaneously would be extremely difficult, if not impossible.
Since smooth response and low input VSWR were deemed of utmost importance, it was decided that, if necessary, an insertion loss above 30 dB would be accepted, so that all other requirements could be satisfied. It was found that low VSWR, and insertion losses close to 30 dB could be attained if low loss isolators were used at both input and output of the delay device.
However, as described further in Section IV, the isolators cause additional phase ripple which is undesirable. The final design chosen for the present program makes use of an attenuator at the delay line input and an isolator at the output. This compromise satisfies the amplitude and phase response requirements with a minimum increase in insertion loss.
As a result of the diagnostic transducer studies cirried out at the beginning 3 of this program , the following straightforward transducer and coupling network design procedure has been developed:
• Characterize the transducer impedance Q, and insertion versus frequency without the use of a coupling network.
• Design the coupling network impedance based on the transducer Q and impedance level.
• Add a transmission attenuator or isolator to achieve the required VSWR.
Much of the success of the above procedure is owed to the high yield and reproducible system of thin-film ZnO transducer fabrication developed at Teledyne MEC on other contracts. Figure 3 shows the insertion loss for the final matched pair of delay lines fabricated in this program. The data shown were taken when the delay lines were first installed in the microwave package; i.e., before the coupling networks and attenuator or isolator were installed. Without the presence of the coupling network the insertion loss response is controlled by the transducer Q. Thus, the 0.5 dB bandwidth is only 50 to 100 MHz.
However, we note that the minimum loss for the two delay lines is accurately centered at the 1. 7 GHz design frequency with minimum values less than 26 dB, indicating that the basic transducer design is quite efficient at the design frequency. These maximum values are slightly above the 1.3 design goal, but can be reduced to 1.3 by adding an additional 2 dB attenuation. 
III. TRIPLE-TRAVEL SUPPRESSION
The attainment of TTS levels greater than 20 dB usually requires that a variety of spurious suppression techniques be employed. Where TTS levels of 4 5 dB or more are desired, as in the matched delay devices under discussion, these techniques must become quite sophisticated. In the initial phase of this program we investigated the level of TTS available due to (1) delay media propagation loss, (2) transducer acoustic power absorption and, (3) aperture diffraction due to finite transducer size. Since a 1 dB increase in these types of loss usually gives a 2 dB increase in TTS, we attempted to make each optimally large without deleteriously increasing the device insertion loss. The sapphire delay medium was chosen for its reproducible delay and transducer substrate qualities. The available propagation loss with this high quality media (1.2 dB for 4|j.s delay) is relatively low. The wideband transducer design utilizes a reflection filter approach to gain bandwidth, as discussed in Section II. Thus, the transducer does not appreciably absorb acoustic power. Finally, there are definite limits on the maximum diffraction loss obtainable since an increase in diffraction loss means a decrease in transducer size which leads to an undesirable narrowband transducer response. We have concluded that TTS levels of only 20 dB or less are available in 4(is L-band delay line using the above three techniques. To gain additional increase in TTS we have investigated the further techniques of (4) using a slight bevel angle between the delay line end faces and (5) adding series acoustic loss to provide increased propagation loss. Technique (4) makes use of the antenna-like diffraction pattern of the transducer and provides just the right amount of noncollinearity of the reflected acoustic beam such that the triple-travel signal arrives at the angle corresponding to the acoustic null between the major spatial beam and the first sidelobe . This technique alone can add 10 to 15 dB to the TTS level but is not quite sufficient to achieve 45 dB. Technique (5) is then used to provide the final increment of needed TTS.
-12- The second device, Sa 396 ( Figure 5 ) is almost as good, with TTS above 45 dB over the range 1.45 to 1.7 and above 43 dB from 1.7 to 2.0 GHz.
Special care was used in measuring and cutting the sapphire delay media so that accurately matched delay times could be achieved. The original four test rods were fabricated equal in length within ±0.0002 inch corresponding to a matched delay within 3nsec. The final matched pair has a delay time of 3.95 usec.
-13- A further requirement imposed upon the matched delay devices is that their transmission phase characteristic should be highly linear with a phase ripple no larger than ±2 degrees. There are a number of sources that can contribute to the over-all phase ripple:
• attenuator/isolator used to limit VSWR Network Analyzer has a limiting accuracy of ±0.6 degrees. Accounting for this average measurement error, the ripple is seen to be less than ±2.5 degrees. We shall now briefly consider each of the sources that lead to this phase characteristic.
The attenuators were found to have an extremely linear phase response with a ripple possibility much smaller than ±0.6 degrees. The isolators produced much more ripple, as may be seen by the data shown in Figure 9 . However, these units were designed by the vendor to have minimum ripple over the desired 500 MHz bandwidth. Isolator No. 2 has the largest ripple ±1.25 degrees over the range 1.45 to 1.95 GHz.
In general, the phase ripple of a passive device is proportional to the slope versus frequency of its insertion loss characteristic . Thus, if the isolation loss is very smooth, the phase ripple will be small. The above theorem has -15- Isolator #2 -18- in the final delay devices under discussion. This conclusion is supported by the fact that if one adds up the phase ripple measured for the isolators and calculated for the coupling networks, the sum compares quite well with the measured delay device data. This comparison is shown in Figure 10 with the dotted curve corresponding to the sum of isolator and network phase ripples. The measured ripple of just less than ±2 degrees is thus consistent with theoretical prediction.
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V. DELAY STABILITY VERSUS TEMPERATURE
It was desired that a transmission phase stability of ±1 degree be maintained over a ±5°C operating temperature range. To accomplish this, it was necessary to mount the matched delay devices in a constant temperature oven since the inherent temperature stability of the delay device alone is on the order of 9 hundreds of phase degrees/°C. A commercially available oven was selected which has a factory calibrated temperature stability of 0. 0028/°C. This oven is a dc proportional control oven with outside dimensions of 13.25 x 9.18 x 7.75 inches. The internal cavity is 7.30 x 11.82 x 6.00 inches. The oven capacity was much greater than was actually necessary since package size was not deemed important in this phase of the component development. The internal oven cavity maintains a cavity temperature close to 56°C when in operation. This temperature was measured at 55.84°C when operated at an ambient temperature of 26.7°C and decreased to 55.80°C when the ambient was adjusted to 12.8°C. This oven then became the external "package" for the matched delay devices with all RF connections being made via OSM connectors mounted on the oven walls. Figure 11 The assembled oven "package" was tested for temperature stability in a standard electronic equipment temperature chamber which could be adjusted over a wide range around 20°C ambient. CW signals were applied to one g delay device from a generator stabilized to 1 part in 10 . The relative transmission phase was constantly monitored by the Hewlett Packard Network Analyzer. It was found that the desired ±1 degree phase stability could only be achieved for a 1 °C excursion in ambient temperature above or below 20°C. Further, in a test which followed the ambient from 26°C to 16°C the transmission phase changed by 10 degrees. A considerable improvement in the over-all temperature response could be obtained by installing the present oven in a second oven or by purchasing a more stable primary oven. Although a rather bulky solution, the former would be the least expensive solution. Some radiation of external cables and connectors was noticed, however, and was obviated by adding brass shielding material within the constant temperature oven.
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VII. CONCLUSIONS
The purpose of this contract was to produce a pair of high-performance delay lines incorporating low loss, broad bandwidth and high triple-transit suppression characteristics. The results attained in each category have been discussed in detail. Table I is a summary of these results as compared to the design goals. This table shows that we have achieved essentially all of the original design goals. These devices combine state-of-the-art characteristics of both bandwidth and TTS, while at the same time retaining low insertion loss. Furthermore, we feel that these two devices are not the exceptions of our capability, but rather that these results can be repeated in larger quantities and at reasonable prices. The design and fabrication of a matched pair of k us, wide bandwidth delay devices is described with operation over a 500 MHz bandwidth centered at 1.7 GHz. Design techniques are discussed which allow relatively low insertion loss (35 dB) with extremely flat frequency response (±0.5 dB) and superior TTS (above k$ dB). The magnitude of transmission phase ripple relative to linear phase is considered both theoretically and experimental 1y.
Construction in a constant-temperature oven for phase-stable operation is described. The characteristics of devices obtained in quantity production are estimated.
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